Liberalization of electricity markets has increasingly created the need for understanding the volatility and correlation structure between electricity, financial and energy commodity markets. This work reveals the existence of structural changes in correlation patterns among these markets and links the changes to both fundamentals and regulatory conditions prevailing in the markets, as well as the current European financial crisis. We apply a Dynamic Conditional Correlation (DCC) GARCH model to a set of market's fundamental variables, related commodity markets and Greece's financial market and microeconomic indexes to study their interaction. Emphasis is given on the period of severe financial crisis of the Country to understand "contagion" and volatility spillover between these markets. This approach enables us to capture the changing co-movement of assets within and between markets (financial, commodity, electricity) as market conditions change. The main results are that there is strong evidence of volatility spillover (or co-volatility) between financial and commodity market, while the Greek electricity market seems to be almost "isolated" from these two markets.
. Interdependence between the financial, energy and electricity markets.
We share Koch's [16] argument on the existence of correlation asymmetries due to time-varying market uncertain conditions and examine in our work here the influences of these conditions on the dynamic conditional correlations during periods of calmness and turmoil in financial markets. This is of particular value in the case of Greece, a State hit heavily by two crisis, the financial one 2008-2009 and the Greek Debt (Sovereignty) crisis started in late 2010.
We must note that in this study, we refer as "financial crisis" to the Subprime mortgage crisis, which spans from 2008 to late 2009 in our sample, and as "Greek debt crisis" to the European sovereign debt crisis of late 2009.
The rest of the paper is organized as follows. In Section 2 we describe the macroeconomic risk factors and stretch the significance of volatility spillover or co-movement, between 3 different markets: financial, energy commodity and Power (electricity) markets. The used data sets and a short description of the Greek electricity market and financial market are given in Section 3. Section 4 provides all necessary information on the methodology (DCC, CCC etc) used in this work and finally the empirical findings are presented in Section 5 followed by Conclusions in Section 6.
Macroeconomic Risk Factors and the Significance of Volatility Spillover or Co-Movement
The importance of macroeconomic risk factors in shaping the expectations of the equity, bond and commodity markets, has been "stressed" by Fama and French (1989) [17] and Sadorsky (2002) [18] . These factors are assumed in this work to influence Carbon, Energy and Electricity markets (Chevalier, 2009) [19] . Thus, we expect the EUA price to fall if there is a prospective economic slow-down, indicated by the macroeconomic indicators. This is a rational expectation since adverse business conditions lower aggregated demand and thus reduce the demand for electricity (load), the generation output, the demand for coal and as a consequence the demand for EUA. The two stock indices Athens Stock Exchange (ASE), Euro stoxx 50 and vstoxx (for volatility) are considered, as well as the 10-year Greek Government Bonds as measures for macroeconomic and financial risks in Greece and Europe respectively (please refer to section 3 for a more detailed description). The stock indices measure the development of the financial markets and are used to predict the fluctuations of the general eco-
The Importance of Input Fuel Prices Volatilities and Their Co-Movement with EUA
The operational behavior that links fuel and EUA is the generator's fuel-switching.
This is so because a higher gas (coal) price ends up to a higher (lower) eua: ngasUK then eua coal then eua
↑ ↑ ↑ ↑
This observation is a good theoretical basis for explaining the co-movement or the Dynamic Conditional Correlation between input fuel prices and eua. A producer of electric power uses hydrocarbon fuels and eua as production inputs, so he depends on these "assets". This situation is not the same as in a financial market in which a portfolio manager can diversify his assets portfolio by altering the (percentage) share of the assets, in order to protect the value of the portfolio from price changes (hedging). The power producer is exposed to changes in prices in electricity, energy (commodity) and EUA markets. Therefore, the risk-averse Power Plant Owner (producer) has to operate in forward (futures) markets for hedging his profits against the risk of unpredictable and unfavorable price volatility. In other words he tries to lock in a given profit based on a given (assumed) marginal generation cost.
However, the key variables in a futures market are the price volatility of an "asset" (input fuel, eua etc.) and its co-movement with other relevant asset's price. This co-movement is measured by its conditional covariance or correlation price volatility is usually expressed as conditional variance.
Following Koening, P. (2011) [20] , in order to realize how a Power Producer is exposed to eua and fuel price co-movements, we recall the marginal generation Cost MC i , in €/GJ e of generating a given unit of power, by using as input fuel i:
where i FC is the fuel cost in €/GJ, i n is the power plant net thermal efficiency in GJ e /GJ (GJ e is the power output in gigajoule of electricity, GJ the power input in gigajoule of fuel), i EF the Green House Gas (GHG) emission factor in kg CO 2 /GJ and EC is the GHG emission cost in €/kg CO 2 . Equation (1) Equation (2) is a risk measure, related to i MC . In this paper will show that the pairwise correlations between electricity, fuel and eua are time-varying and also
The Correlation of Carbon Emission Allowances (Eua) with Other Commodity Prices (NgasUK, Brent, Coal or Lignite)
The optimal merit order of power generation is affected by changes in the relative price of input fuels. These changes ultimately result in a fuel-switch, by the power generator which tries to maximize its profit. Fuel-switching is not an observable operational variable and has to be inferred from changes occurred in the relative marginal costs.
From the above we conclude that the unobserved fuel-switching behavior by generators is the main factor of "producing" the correlation between input fuels (brent, ngasUK) and carbon emission allowances (eua). The empirical Carbon price moves between two extreme values, the upper bound theoretical switch price SP u defined as the price of CO 2 above which natural gas is the preferred input fuel (technology) , no matter what the thermal characteristics of the generation mix (or plant portfolio) (Koening, P., 2011) [20] . Coal (Lignite) to gas. As soon as CO 2 price has attained SP u , even generators that have a choice between the most inefficient gas and most efficient Coal plant, will have, at the end, to "move" to natural gas generation. So, there is no other technology feasible generation mix which prefers coal over gas genera-
tion. An electricity producer, a profit maximizing "rational" market player, will switch generation from using Coal (lignite) to using natural gas, just in the case of the empirical emission price exceeds the SP u . The lower bound theoretical switch price, SP l , is the price of Carbon below which Coal is the preferred input fuel, irrespective of the thermal characteristics of the generation mix (Koening, P., 2011) [20] .
where , I I coal coal n EF the thermal efficiency and emission factor, respectively, of the most inefficient coal fired plant in a Country's generation mix.
E gas
n and E gas EF are the thermal efficiency and emission factor, respectively, of the most efficient natural gas fired plant in the Country's generation mix.
Thus, if the Carbon price decreases it will give the motivation to generator to switch input fuels from natural gas to Coal power generation. When carbon From the above, the main conclusion is that a higher share of Coal production (Lignite in the case of Greece), rationally, will increase the demand for Carbon emission allowances (eua) and its price will go upwards again.
Combining all the above the empirically observed EUA (eua time series) is expected to move between the two time-varying extreme values, SP l and SP u .
From the definitions given by (3) and (4), two correlation regimes are possible between eua and other commodities (ngasUK, Brent, Coal, Lignite). The first is when eua (empirical carbon price) either exceeds SP u or falls below SP l , a situation referred as Static merit order. In this case either natural gas or Coal is clearly the preferred input fuels and small changes in their prices do not change the merit order. In this case there is no financial motivation to switch input fuels, which results in an unchanged demand for eua and eua therefore fuel prices are decoupled. The second correlation regime is when eua is between SP l and SP u .
Here we have a mixed merit order in which there is no clear ranking of the input fuels in the merit order and the crucial now factor in choosing one of the two fuels is their thermal efficiencies. This is a situation where small fuel price changes have a strong influence in the merit order, which in turn result in changes of demand for eua. This fuel and eua prices are coupled (or co-move).
The coupling and decoupling of eua and fuel prices have been studied in depth by Koening P. (Koening, P., 2011 [20] ). A very important conclusion from his work is that if in a period t the relative forward (futures) fuel and eua prices are in such levels that make a constant merit order, then these prices are decoupled, exhibiting a low correlation. The above situation calls for an alternative hedging strategy for securing a profit one month ahead, in comparison with a situation with coupled prices and strong correlation.
In theory, the equilibrium allowance price is equal to the marginal abatement costs incurred to reduce one ton of pollutant (Springer, 2003) [21] . The papers by Rubin (1996) [22] and Tietenber (2006) [23] describe the theoretical basis of deterministic equilibrium models and the solution, in a cap-and-trade framework, of the firm's pollution cost optimization problem. Thus, the participants of the market take only these measures whose costs are less than or equal to the EUA price. The theoretical justification of linking Carbon and Commodity (Energy) markets lies in the difficulty to find proxies for the emission abatement costs of a firm and their availability.
A rational abatement method is the fuel switching ( 25] . Therefore, it is expected that input fuel prices and Carbon prices must be correlated, according to the requirement of an efficient market.
The Interaction of Financial and EUA Markets
Koch, N. (2014) [16] has found that EUA and financial markets are not isolated.
Rather, financial market conditions impact strongly the correlations and the vstoxx index serves as an informative state variable reflecting the risk of "genetic" financial turmoils related to extreme events in the stock markets. According to Koch, N. (2014) [16] , the correlation between EUA Stock and Bonds (eua, ase, gbonds in our case) is expected to be strongly affected by an expected high volatility. The correlation fluctuates upwards (downwards) with peaks reverting around the collapse of Lehman Brother. He also found an impressive commonality in the EUA-Brent and EUA-Stock time-varying linkages, indicating that the positive impact of Brent Oil is possibly due to the interaction of Brent Oil prices and the overall macroeconomic situation and not due to the fuel switching (see below) or Oil-Natural gas correlation.
It is well known that macroeconomic conditions (economic growth) affect heavily both EUA and financial markets. An increased demand and raised industrial production is the result of high economic activity, which in turn in- [31] provide a strong positive Carbon-Stock markets dependence, which is higher for Brent Oil and Natural gas, by using Copula analysis. The impact of financial market turmoil on EUA market correlation with Stock price indices is assessed in the paper by Kanamura (2010) [32] . A multivariate correlation model was applied and provided evidence of an increased correlation in times of stock market plunge, called also contagion. The paper also suggests a reduction in correlation during the oversupply event, occurred in April 2006.
Carbon and Financial Markets
The Carbon market, therefore, can be characterized as a peculiar market, not in- [35] and surprisingly they identified a positive correlation between EUA prices and Stock price returns of "big" European Utilities.
The way with which the inclusion of EUAs in an assets portfolio improves the investment opportunity is examined by Mansanet-Bataller (2011) [7] in which he finds that the opportunity set does not vary with the inclusion of Phase II EUAs, a result opposed to the one found by Chevallier, J. (2009b) [36] . It is shown, furthermore, in the above two latter papers that EUA returns are slightly negative and statistically non-significantly correlated with fixed-income securities (like Government Bonds). This result in combination with Koch, N. (2014) [16] results is our motivation to include the Greek Government Bonds in this study, using a DCC model as opposed to the CCC models used in Mansanet-Bataller and Chevallier papers.
The Interaction between CO2 and Electricity Prices
Low electricity prices encourage higher electricity consumption, resulting in higher CO 2 emissions. Therefore the demand for allowances may increase in case electricity utilities are not in compliance with their initial allocation, a fact that in turn exerts strong pressure of the EUA markets. A further consequence is that the increase in CO 2 prices and generation costs may increase electricity prices creating the need for a demand adjustment, which of course implies some level of price elasticity.
Observed power and CO 2 prices are influenced also by fuel prices. If the prices of natural gas are increased then there is a strong incentive for generating base-load electricity by using more Coal-or Lignite fired-Plants, driving up, in turn, the demand for CO 2 allowances. It is worth to mention here that Coal-fired generating units emit almost twice as much CO 2 as natural gas generating units.
If the situation just described is sustained and the supply of allowances is not adequate, CO 2 prices may increase at a level that result in a fuel switch i.e. natural gas, a cleaner fuel. This "cause and effect" relationship has predicted a lot of the early CO 2 price volatility due to the switching from Coal (Lignite) to gas.
Using the cointegration approach, Bunn and Fezzi (2007) [13] have analyzed the impact of EU ETS on electricity and gas prices.
The Data Sets
In this paper we consider daily data covering the period for April, 2008 to March 
The Carbon Market and the EUA Data
The three phases of the EU ETS, corresponding to the three compliance periods 3.2. The Commodity (Energy) Data. Natural Gas Prices at NBP Hubs and the Greek Natural Gas "Market"
We use daily spot price of Brent Oil traded in Euro/barrel. For natural gas historical 1 month ahead futures prices, traded at the National Balancing Point NBP Hub UK, expressed in €/MWh, are considered, obtained from ICE. Since the late 1990s, UK NBP Hub gas market is Europe's longest established wholesale (spot-traded) market in operation ( Figure 4 ). This wholesale gas market is the most liquid one in Europe nowadays, alongside a number of newly established Continental Europe hubs (e.g. Zeebrugge in Belgium and TTF in Netherlands) NBP is the acronym for National Balancing Point and gas anywhere in UK within the NGNTS (Natural Gas National Transmission System) counts as NBP gas. This Hub brings together buyers and sellers so the trading is greatly simplified. There is a variety of products: within-day (for same day delivery), day-ahead (for next day delivery), months, quarters, summers (April to September) Figure 4 . EUA, Natural gas and brent oil, price time series. There is no indigenous gas production in Greece and also there are no storage facilities (the LNG storage tanks are used exclusively for temporary LNG storage, the three entry points of natural gas to the National Natural Gas System (NNGS) of Greece are located at Sidirocastro, Greek Bulgarian pipeline, for the Russian gas, at Kipi, Greek-Turkish pipeline (BOTAS gas) and at the Revithoussa LNG terminal station. In Greece, the gas market is still organized on the basis of bilateral contracts between suppliers and eligible customers, so there is not any wholesale market yet. The Regulator (Regulatory Agency for Energy, RAE) of Greece published for the first time in 2011, the Weighted-Average Import Price (WAIP) of natural gas, on a monthly basis. This data on WAIP, considered together with the publication of data on daily prices of balancing gas, Daily Price of Balancing Gas (DPBG) or HTAE in Greek, on the Natural Gas TSO's (DESFA) internet site, has greatly facilitate current and potential market participants in understanding the prevailing gas price dynamics. The Figure 5 Figure 5. The monthly weighted average import prices of natural gas, the daily prices of balancing gas (HTAE) and SMP in the GEM. However we emphasize that our modeling is based on National's Balancing Point Spot prices as we have mentioned before, since ( Figure 6 ) the average monthly dynamics of NGAS UK resembles DESFA's dynamics for the period of interest (2008-2014).
The Greek Wholesale or System Marginal Price
Greece's liberalized electricity market was established according to the European Directive 96/92/EC and consists of two separate markets: 1) the Wholesale Energy and Ancillary Services Market and 2) the Capacity Assurance Market. The Greek wholesale electricity market (GEM) is currently in a transitional period, during which the market structure evolves towards its final design, namely the European Target Model. The wholesale electricity market is a day ahead mandatory pool which is subject to inter-zonal transmission constraints, unit technical constraints, reserve requirements, the interconnection Net Transfer Capacities (NTCs) and in general all system constraints. More specifically, based on forecasted demand, generators' offers, suppliers' bids, power stations' availabilities, unpriced or must-run production (e.g., hydro power mandatory generation, cogeneration and RES outputs), schedules for interconnection as well as a Figure 6 . The average monthly DESFA and national balancing point price. Journal of Mathematical Finance number of transmission system's and power station's technical constraints, an optimization process is followed in order to dispatch the power plant with the lower cost, both for energy and ancillary services.
LAGIE (the independent market operator) (http://www.lagie.gr/) is responsible for the solution of the so-called Day Ahead (optimization) problem. This problem is formulated as a security constrained unit commitment problem, and its solution is considered to be the optimum state of the system at which the social welfare is maximized for all 24 h of the next day simultaneously. This is possible through matching the energy to be absorbed with the energy injected into the system, i.e., produced after the dispatch day which is based on the actual demand and unit availability. The capacity assurance market is a procedure where each load representative is assigned a capacity adequacy obligation and each producer issues capacity availability tickets for its net capacity. Actually this mechanism is facing any adequacies in capacity and is in place for the partial recovery of capital costs.
The most expensive unit dispatched determines the uniform pricing in the day-ahead market. In case of congestion problems and as a motive for driving new capacity investment, zonal pricing is a solution, but at the moment this approach has not been activated. Physical delivery transactions are bounded within the pool although market agents may be entering into bilateral financial contracts that are not currently in existence. new tax levy on natural gas, equal to 1.50 €/GJ (applied also to electricity generation). As SMP was set, for the majority of trading periods, by Natural Gas fired Units, the resulted increased generation cost was expected to increase SMP (see Section 6.1 for comments).
RMR9. Regulatory Market Reform, RMR9 (1.7.2013), Abolition of the "Plus 10% Rule". This rule was embedded in Cost Recovery Mechanism (CRM) and 4 All imbalances-referring to the differences between the DAS (Day-Ahead-Schedule) and the real production or withdrawal of electricity-are settled through the Imbalance Settlement Mechanism. Journal of Mathematical Finance allowed for a 10% increase of the boundary for generators to be compensated for generating costs.
RMR10. Regulatory Market Reform, RMR10 (31.12.2013), Abolition of the "30% Rule". The "30% Rule" allows generators to offer 30% of their plant's capacity at a price below its minimum variable cost, as long as the total weighted average of their bids is still at or above their minimum variable cost. This caused the extended dispatch of gas plants, pushing the expenses on cost-recovery significantly high. The regulator expected no changes on the SMP through this reform, it was imposed merely to improve the performance of the initial market design. 
The Financial Data
We have used the Athens Stock Exchange General Index (ase), denominated For bond, we use the 10-year Greek Government bond index (gbonds) (a long-term index), instead of a short-term index, because monetary policy (especially during the Greek debt Crisis) is more likely to have a confounding impact on the later index.
We include also in the financial data set the stock price of the dominant player in GEM, the incubator Public Power Corporation (PPC). We consider that by analyzing the dynamic evolution of this stock we "capture" the various effects of regulatory policy and fundamental changes, exerted by monetary (macroeconomic) policies to fix the Greek Public Debt problem as well as European Energy Policies. Figure 8 shows the dynamics of the abovementioned indexes. Table 1 summarizes and groups financial data set and energy commodities data set.
We have to mention here that for the purposes of this paper, we have included EUA into the group of Energy commodity assets, although there are arguments about this like the work of Kanamura (2010) [32] who argue that EUA is not a real commodity asset as those considered in the financial theory.
Financial and Econometric Methodology

Using a VAR Modelling the Conditional Mean
The equation or model of the Conditional mean or first moment is to detect and eliminate any serial correlation in the returns of price data. For a sequence 
Serially uncorrelated residuals are generated by a well-specified model for the first moment of the returns. However, heteroskedasticity (the time-varying variance of the residuals) will remain in the returns, as it is frequently the case in Energy and financial markets. This feature and the excess kurtosis in the returns call for the GARCH-type estimation approach (Engle, 1982 [40] , Bollerslev, 1986 [41] ε residual is fitted in the GARCH-type models, described below, to capture the dynamics of the conditional variance.
Let the evolution of the conditional variance in the generic univariate process for each asset, is written as
where δ is either 1 for threshold ARCH also known as AVGARCH, ZARCH (Taylor, 1986 [43] , Zakoian, 1994 [44] ) or 2 for ARCH, GARCH or GJR-GARCH models (Glosten et al., 1993 [45] ). In this paper we consider the case of 2 δ = and particularly the case GJR-GARCH(P,O,Q). In fact, we fit our data in a GJR-GARCH (1,1,1 
where t D a k k × diagonal matrix with elements 2 , i t σ on the ith diagonal representing the time-varying standard deviations which are generated by the GARCH models fitted on each residual series, as the ones given in Equation (7). Table 6 below).
The log-likelihood is our case, for the vector θ of parameters is given by ( )
1 log 2π 2 log log 2
where ( ) In case that the conditional distribution of t ε is not normal, Equation (9) ( )
where Q is the k k × unconditional covariance matrix of the standardized residuals, generated from the first stage of the process. The extent to which t ξ affect the dynamics of the correlation is captured by the j α , while j β is a parameter measuring the decay in dynamics. If we plug 0 j j α β = = into (11), the CCC model of Bollerslev (1990) [46] is obtained. The lag-lengths of residuals and decay are expressed by P and Q (not to be confused with those in Equation (6)). Finally, the dynamic conditional correlation is written 
In the framework of this paper estimation, the indices range as , , 
The matrix t Q is a symmetric positive matrix, 1 α β + < , and α is the news coefficient and β is the decay coefficient. According to Aielli (2011 
Therefore, by using model 2 above, we have 
Model 1 will be our basic reference model. This scalar DCC specification is the most parsimonious one because of the assumption that all commodities correlations "obey" the same ARMA(P,Q) type specification, which means that they are all governed by the same coefficients α and β . The above assumption might be a valid one, in the case of similar commodities (or "assets" in general), belonging in same asset category or class. However, in our case, our "assets" belong to different categories, namely financial, energy and power; therefore it is a reasonable assumption that these markets exhibit "asset" specific correlation sensi- have developed a number of various asymmetric multivariate GARCH models to capture the asymmetries. For an in depth description of the "mathematical"
properties, its limitation and inconsistencies in DCC model, Aielli (2011) [50] provides an excellent work. Engle (2002) [48] propose a Generalized Dynamic Conditional Correlation ( )
The Asymmetric Generalized DCC Model
where G is a k k × diagonal matrix of parameters, [53] proposed the AG-DCC-X model and it is this model used by Koening (2011) [20] to test the hypothesis of the effect of static merit order regimes on correlation between input fuels, carbon emission and electricity prices. We do not consider the model in this paper but we have included for the completeness of our review. 
By using that
Empirical Findings
Data Tests and Applied Methodology
In this subsection we present the empirical findings, while in Section 5.2 we comment on these findings in details. Table 2 provides the summary statistics of price levels and of the electricity load (demand). The correlation matrix of all variables (raw data) is shown in Table 3 . While Table 4 provides summary statistics of log returns of the variables considered.
The correlation matrix between levels of variables yields mostly "rational" results as expected. Financial assets in particular have moderately strong positive (between indexes and stocks) and negative (between bonds and stocks) correlations, and mostly low degree of correlations with energy commodities and electricity. Table 3 . Correlation matrix between levels of variables considered in this study.
"ase" "stoxx" "vstoxx" "ppc" "gbonds" "eua" "ngUK" "brent" "lignite" "smp" "load" An interesting result is the correlation between smp and lignite. While a significant positive correlation has been found between electricity prices and coal pric- we present the results of the dynamic conditional correlation. Also, the unconditional correlation between electricity market (smp) and EUA market (eua) was found as expected, positive (0.4376) indicating that there is connection between the price of CO 2 quotas and SMP. However the DCC between them is much smaller, as it will be described later on.
By observing Table 4 we conclude that financial, energy and electricity "asset"
returns are likely to be non-Gaussian. In all returns the skewness is non-zero, an evidence of a non-symmetric distribution. Furthermore, the kurtosis is significantly in excess (>3) which indicates fat tails of the distribution, containing more probability than a normal distribution. In combination, the log returns of "assets" are leptokurtic. Also, we test the return for normality by applying the Jarque-Bera (JB) test statistic. According to this test the joint null hypothesis is that both skewness and excess kurtosis are zero. As we observe in Table 4 , the p-value for the JB statistics is zero in all returns, therefore the null hypothesis can safely be rejected, so the returns follow a non-normal distribution.
We have also applied the Augmented-Dickey-Fuller (ADF) and Phillips-Perron (PP) unit root tests. As we observe, both tests give values larger than the critical value for the 1% level of significance. Therefore, we can reject the null-hypothesis of a unit root for all returns, so they are taken to be stationary.
To detect autocorrelations in the returns we have used the Ljung-Box or Q statistic. From Table 4 All log returns have a mean zero. GEM wholesale price (smp) returns are most volatile (std. Dev  0.16) followed by vstoxx and load returns, while stoxx returns are the less volatile.
All returns show evidence of volatility clustering (ARCH effects) as the visual inspection of the log return (see Figures 9-11 ) and the ARCH-Lagrangean
Multiplier (ARCH-LM) test in Table 4 show, as the test statistic is significantly higher than its critical value for the 5% significance. The gbonds and ngas returns' test stat is below the critical value, however the corresponding p-values are extremely high (0.99 and 0.98 respectively), so we cannot refuse the existence of ARCH effects. Since all the return series are stationary we proceed by fitting a VAR(1) model for the mean equation (results in Table A1 in appendix). We selected lag order 1 in our model since it is the most parsimonious and no significant difference between the Log Likelihood of higher order models was found. The parameters of the fitted GARCH(1,1) model on each individual asset are given in Table 5 . After we obtain the residuals from the mean equation we proceed by estimating the DCC between the assets. Table 6 shows the estimation for the DCC-GARCH [56] . In all pairs the value of the parameter ρ is close to the mean value of the DCC over the sample period.
In the next section we analyze in depth our findings.
Results
We estimated the dynamic conditional correlations between all of the assets and the most interesting results are presented in Table 6 . The conditional correlations between assets from the same market (financial or energy commodity) yield expected results.
Specifically the correlation dynamics between indexes (stoxx and ase) and [59] .
Regarding the linkages between the energy commodities (brent, eua and ngasUK) strong positive correlations were found throughout the sample, with higher volatility and peak values in the period of Financial Crisis. Specifically Brent-Eua are highly correlated in periods of financial stress (Koch (2014) [16] also finds a significant rise in their correlation in the same period) and in the Figure 12 . DCC between ase and stoxx residuals.
latter part of our sample converge to their pre-crisis dynamics. In the case of lignite (coal), our findings suggest the uncoupling with the other energy commodities, which was expected since lignite is produced locally and it is not internationally traded.
As our main target is to provide empirical evidence of the coupling or decoupling between the assets of three different markets: the Greek Electricity market, Financial markets, the three most influential commodities markets, Brent Oil, Natural Gas and Carbon allowances (via their corresponding Futures
Contracts prices) and for lignite (coal) fuel price, our comments will focus on these pairs and most correlations between assets of the same class will not be further analyzed. Additionally as our sample begins on March 2008 the well documented effect of the 2007 subprime financial crisis in the USA, will be omitted by our analysis, and our work will be focused on the 2010 Greek debt crisis and
thereafter. We wish to analyze the coupling and decoupling periods between the markets under consideration, as well as demonstrate the Greek debt crisis effects in the Greek electricity market versus the other two markets, as well as the convergence of the markets' dynamics to pre-crisis levels, thereafter. In general we expect correlations between assets from different sectors to be lower than the ones of assets from the same sector, as can be shown in the work of Ensor, et al.
(2014) [60] .
DCC between Financial Market and Energy Commodities
The financial crisis, which begun in 2007, had a significant effect on the correlations between financial markets and energy commodities. The stock market collapse significantly decreased the correlations between stock markets and energy markets returns, as documented Creti (2013) [61] , possibly due to the P. G. Papaioannou et al.
"flight-to-quality" effect, but only on the short run, followed by a sharp increase in correlations which remained for the following years, resulting in high correlation in the volatility and the "financialization" of the energy markets. Figure 13 compares the results correlations between ASE and stoxx with the 3 most liquid energy commodities of Europe.
Our sample begins in April of 2008, in the midst of the Financial crisis period and all correlations between ase and energy commodities present a peak negative value. Specifically correlation between Brent oil, which is the energy commodity most related with the stock market due to the "speculation effect" (increasing crude prices in times of rising stock markets) and the Greek stock market has a significant evolution in the period of our study, with a positive peak 0.45 in the mid of the Greek debt crisis. Comparing the correlations between ase and stoxx with brent oil, as seen in Figure 13 , we observe a similar evolution in time, with the stoxx-brent being significantly higher and more volatile, during the years of the Greek debt crisis and afterwards.
Similarly correlations between EUA returns and the indexes both peaked around the Lehman Brothers collapse, when it became apparent that the financial crisis, which up until then was contained within the financial sector, would affect the real economy and slow down economic growth, thus confirming the "contagion" effect. In the following years correlations, especially with stoxx remained mostly positive and highly volatile. EUA as a commodity reflects the economic growth as expressed by industrial production, and the decreased production in Greece, with consideration of the structure of the Greek electricity market (lignite, a CO 2 -intense fuel, is a "cheap" domestically produced resource in the GEM), results in the decoupling of the two markets.
Finally correlation between Natural gas and the Greek stock market increased in the beginning of our sample and remain fairly stable in the whole period, with a slightly increased volatility during the period of Greek Debt Crisis. This behavior is consistent with the evolution of the stoxx-gas conditional correlation, suggesting that natural gas has the weakest link to equity markets. Regarding the Greek market, a more concrete and robust analysis should be undertaken, using Natural Gas prices provided from the Greek Natural Gas System Operator (DESFA), in order to check any dependencies with not publicly traded (exchange) markets, but on a bilateral trading rationale between Greece and other countries, e.g. Russia, Algeria.
Turning to the relations between 10-year Greek bonds and energy commodities, our results in Figure 14 depict that the Greek debt crisis of 2010 had a significant effect on the evolution of conditional correlation, with peak values and increased volatilities, which persisted in the following years. In particular correlation between brent and gbonds intensified from around 0 to around -0.26, while correlation between gbonds and natural gas peaked to a positive 0.18.
These peaks correspond with significant highs for ase-brent and lows for ase-ngas, confirming the notion that times with stronger (weaker) stock-commodities Figure 13 . DCC of ase and stoxx with the 3 energy commodities (brent, eua and natural gas). Journal of Mathematical Finance Figure 14 . DCC between gbonds and energy commodities.
co-movements correspond to times with weaker (stronger) bonds-commodities co-movements. Finally eua-gbonds present a highly anti-persistent conditional volatility which oscillates close to zero, which suggests no significant link between the assets. Examining the linkages between PPC, the main player of GEM, and energy commodities, the conditional correlations are presented in Figure 15 . Natural gas presents non significant result, as expected, since PPC's energy production portfolio consists of mainly lignite, hydro and to a lesser degree gas fired production units. Brent oil and ppc correlations converge to an almost constant and very low correlation close to 0.1 and present no evolution during the period of our study. EUA has a persistent and volatile correlation with ppc, with maximum value of 0.24 and minimum of −0.13, with more negatives values exhibited during the years following the Greek debt crisis. The correlation between ppc and lignite present substantial evidence of the uncoupled market behavior between the financial market in Greece and the primary materials (fuels) used for energy generation in Greece. This behavior is consistent with the fact that Lignite is in abundance in Greece, and is used in a great portion by PPC for power production, i.e. PPC is allocating a great portion of its internal production strategy on lignite for power generation. As seen in Figure 15 PPC is highly correlated with ase, as PPC is a major representative of the Greek stock market (Blue chip).
Overall our results depict a strong linkage between financial and energy commodity markets in periods of financial turmoil, with Brent and EUA being the most "finacialized commodities", with correlations that remained highly volatile throughout the Greek debt crisis and move towards decoupling in the years after. Journal of Mathematical Finance Figure 15 . DCC between pcc and energy commodities (a) and ppc and ase respectively (b).
DCC between Greek Electricity Market and Energy Commodities
Our findings suggest that GEM's spot electricity price (SMP) presents significant correlation with the load forecast, which was expected since supply and demand must be in a constant equilibrium in order for the network to operate properly.
The Greek electricity market operates under the merit order principle, meaning that the order of the existing power plants to be dispatched follows the as-
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cending order of the respective fuel variable costs, with renewable energy sources being dispatched first, followed by lignite power plants. Natural gas has the higher variable cost and oil is used only for extreme peaks in demand. The last power plant to enter production in order to cover the demand, also sets the uniform market price (IEA, 2014) [55] .
Correlations between smp and brent oil are insignificant since it's rarely used, thus almost never sets the price. Regarding natural gas, correlations are mostly positive with smp and tend to increase in the latter years. Again, a more concrete and robust analysis should be undertaken, using Natural Gas prices DESFA, in order to truly capture the dynamics with the electricity prices. Correlations with EUA are highly anti-persistent, as suggested by the results in Table 6 , but no significant link is evidenced, although lignite comprise a great portion of the incumbent's (PPC) fuels portfolio allocation for power production. This can be attributed to the flexibility to shift between alternative production units (mainly hydroelectric) and the non competitive nature of the lignite "market" (actually there is no market), thus no need to hedge with EUA is present. These results are shown in Figure 16 .
Finally turning to the pair smp-lignite, the conditional correlation is volatile and mostly negative. Lignite is in abundance in Greece and while its price increases over time, it remains lower most of the time than the fuel variable cost of a gas power plant, meaning that when the price is set by lignite fired plants it's decreasing (IEA, 2014) [55] , thus the mostly negative correlation.
DCC between Greek Electricity Market and Financial Markets
Turning to the correlations between electricity and financial markets, we present in Figure 17 substantial evidence that the two markets are uncoupled. The electricity spot market is heavily driven by a few crucial variables already mentioned above, and is fundamentally based on non-financial factors, such as non-storability of electricity, inelasticity of supply etc. These findings are similar to the works of others regarding dynamic correlations between financial and electricity markets (Creti, et al. (2013) [61] ). Load is experiencing a cyclical behavior, which is consistent with the consumers' needs for electricity during the several seasons (winter vs summer etc), while the financial market has not such dependency on "seasonalities".
Conclusions
In this paper we have investigated the pairwise dynamics of return conditional correlation between assets "belonging" to three markets, namely electricity, energy commodity and financial. By using Dynamic Condition Correlation model, a model with proven computational advantages, also chosen due to the data stylized facts (e.g. fat tails, volatility clustering etc. of the assets in each market, suggesting a GARCH-type estimation framework), we have examined the co-movement of co-volatility between pairs of assets of these 3 markets. We present evidence of significant co-movements between financial market and energy commodities, namely Brent oil and carbon allowances, in periods of financial turmoil, with strong positive and highly volatile correlations. These findings confirm the volatility spillover between these two markets and prove the "financialization" of these energy commodities. Overall the correlations between financial and energy commodities were the most significant between the Coefficients "ase" "stoxx" "vstoxx" "ppc" "gbonds" "eua" "ngUK" "brent" "smp" "load" "lignite" 
